Aims The water-impermeable seeds of Ipomoea lacunosa undergo sensitivity cycling to dormancy breaking treatment, and slits are formed around bulges adjacent to the micropyle during dormancy break, i.e. the water gap opens. The primary aim of this research was to identify the mechanism of slit formation in seeds of this species. † Methods Sensitive seeds were incubated at various combinations of relative humidity (RH) and temperature after blocking the hilar area in different places. Increase in seed mass was measured before and after incubation. Scanning electron microscopy (SEM) and staining of insensitive and sensitive seeds were carried out to characterize these states morphologically and anatomically. Water absorption was monitored at 35 and 25 8C at 100 % RH. † Key Results There was a significant relationship between incubation temperature and RH with percentage seed dormancy break. Sensitive seeds absorbed water vapour, but insensitive seeds did not. Different amounts of water were absorbed by seeds with different blocking treatments. There was a significant relationship between dormancy break and the amount of water absorbed during incubation. † Conclusions Water vapour seals openings that allow it to escape from seeds and causes pressure to develop below the bulge, thereby causing slits to form. A model for the mechanism of formation of slits ( physical dormancy break) is proposed.
INTRODUCTION
Several biochemical and molecular biological mechanisms have been put forward to explain physiological dormancy (PD) and how it is broken Baskin, 1998, 2004) . However, most studies of dormancy break in physically dormant (caused by a water-impermeable seed or fruit coat, PY) seeds have been only partially explained. An opening or a slit is formed in the seed or fruit coat during dormancy break in seeds with PY, thus allowing water to enter into them. However, the mechanism(s) involved in formation of the opening has not been explained in species with PY. Perhaps the PY-breaking mechanism has been neglected since it is a purely physical process. However, mechanisms involved in formation of the openings in the seed coat are important in order to understand PY fully. Hanna (1984) proposed a mechanism to explain opening of the lens (incorrectly referred to as the strophiole by many authors) in seed dormancy break of Acacia kempeana (Fabaceae, Mimosoideae). In seeds of this species, remnants of the vascular bundle are open via the hilar fissure, but they are blocked in the area below the lens. Therefore, neither liquid water nor water vapour can move further into the seed. Hanna (1984) speculated that heating increases pressure in the vascular bundles below the lens, which causes uplift and cracking (opening) of the lens (dormancy break), thus allowing the seed to imbibe water. However, this is just a speculation developed with evidence from scanning electron microscopy (SEM) studies. According to this speculation, if seeds can imbibe liquids with high thermal expansion coefficients they should lift the lens faster than seeds that imbibe liquids with low thermal expansion coefficients. Serrato-Valenti et al. (1995) suggested that swelling and shrinking movements of cells below the lens in seeds of Leucaena leucocephala (Fabaceae, Mimosoideae), and thus formation of slits in the lens, is a response to temperature and moisture fluctuations in the environment.
PY can be overcome by various artificial methods such as manual scarification, acid scarification, percussion, wet or dry heat and dry or wet storage Baskin, 1998, 2004) , and the effectiveness of dormancy-breaking treatment may differ from species to species (see Baskin and Baskin, 1998) . However, application of dry or wet heat and dry or wet storage are among the highly effective treatments for breaking dormancy in most species with PY. These treatments represent environmental conditions to which seeds are exposed in their natural habitats. Van Klinken et al. (2005 , 2008 showed that PY break in seeds of Parkinsonia aculeata (Fabaceae, Faboideae) in the soil seed bank can be explained by the effect of wet heat. PY in seeds of Prosopis juliflora (Fabaceae, Mimosoideae; El-Keblawy and Al-Rawai, 2006) , Apeiba tibourbou (Malvaceae s.l.; Daws et al., 2006) , Ipomoea purpurea (Convolvulaceae; Brechu-Franco et al., 2000) , Jacquemontia curtisii (Convolvulaceae; Spier and Snyder, 1998) and Ipomoea hederacea (Convolvulaceae; Jayasuriya et al., 2009) was broken only by storing them in dry conditions, whereas PY of sensitive (¼ latent soft) seeds of Ornithopus compressus (Fabaceae, Faboideae; Taylor and Revell, 1999) , Trifolium subterraneum (Fabaceae, Faboideae; Taylor, 1981) , Ipomoea lacunosa (Convolvulaceae; Jayasuriya et al., 2008a) and Cuscuta australis (Convolvulaceae; Jayasuriya et al., 2008b) was broken only by wet incubation. Martin et al. (1975) compared the effects of wet and dry heat on PY break in several Fabaceae species. They showed that PY of seeds of some species can be broken only by exposing them to dry heat and of other species only by exposing them to wet heat. However, seeds of some species responded to both wet and dry heat. Neither the mechanism nor the role of wet or dry heat in opening of the water gap has been elucidated.
Sensitivity cycling is a phenomenon that occurs in seeds of T. subterraneum (Taylor, 1981 (Taylor, , 2005 , Ornithopus compressus (Taylor and Revell, 1999; Taylor, 2005) and several other Fabaceae (Faboideae) species (Van Assche et al., 2003) , and in seeds of I. lacunosa (Jayasuriya et al., 2008a) , C. australis (Jayasuriya et al., 2008b) and Jacquemontia ovalifolia (Convolvulaceae; Jayasuriya et al., 2008c) . The sensitivity cycle in seeds has three major states: (1) sensitive (seeds are highly sensitive to dormancy-breaking treatment, latent soft sensu Taylor, 2005) ; (2) insensitive (seeds are not sensitive to dormancy-breaking treatment, hard seeds sensu Taylor, 2005) ; and (3) non-dormant (soft seeds sensu Taylor, 2005) . However, in reality there is a continuum between the sensitive and insensitive states in which seeds are sensitive to dormancy-breaking treatment to different degrees (Jayasuriya et al., 2008a) . Up to now, no study has focused on characterization of these states functionally, biochemically or morphologically. The only difference observed between these two states is that in sensitivity to dormancy-breaking treatment.
Seeds of I. lacunosa exhibit sensitivity cycling (Jayasuriya et al., 2008a) . Dormancy of sensitive seeds can be broken by incubating them at 35 8C in .90 % relative humidity (RH) for 3 h, and the sensitivity of insensitive seeds can be induced by storing them at ambient laboratory temperatures (22 -24 8C) on wet sand (Jayasuriya et al., 2008a) . However, dry storage of sensitive seeds reduces sensitivity. Formation of a slit around one or both bulges adjacent to the micropyle (dormancy break) allows water to enter into the seed (Jayasuriya et al., 2007a) . There are anatomical differences between the bulge and the seed coat away from the bulge. Sclereid cells change from polygonal to elongate and from square to elongate in hilum -bulge and bulge -seed coat away from the bulge margin, respectively. However, the cells both of the bulge and of the seed coat away from bulge originate from the same ontogenetical layers, and different sequences of periclinal and anticlinal divisions are responsible for the differences in the bulge from the rest of the seed coat (Jayasuriya et al., 2007b) . These anatomical differences between hilum and bulge and between seed coat away from bulge and bulge are weak transitional zones through which slits are formed during dormancy break (Jayasuriya et al., 2007a) . However, up to now the mechanical forces involved in formation of slits around the bulges have not been explained.
The present study had four main objectives: (1) to determine the effect of RH and osmotic potential on seed dormancy break in I. lacunosa; (2) to determine the role of RH in dormancy-breaking treatment; (3) to determine the effect of RH and osmotic potential on induction of sensitivity of seeds; and (4) to characterize sensitive and insensitive stages of seeds of I. lacunosa.
MATERIALS AND METHODS

Collection of seeds
Seeds were collected from numerous plants of Ipomoea lacunosa in a corn field at Spindletop Farm, University of Kentucky, Lexington, KY, USA, on 11 October 2005 (2005C), 22 October 2006 (2006C) and 9 October 2007 . Each collection of seeds was stored separately in plastic bottles under ambient room conditions (22 -24 8C, 50-60 % RH) until used. The experiments were started within 1 week after seeds were collected.
Effect of temperature, RH and osmotic potential on dormancy break
The purpose of this experiment was to determine the effect of temperature, RH and osmotic potential (simulating soil moisture) on dormancy break/germination of sensitive seeds. These factors were manipulated to simulate environmental conditions that seeds may experience in nature. Thirty-six samples of four replicates of 25 sensitive (made sensitive by storing seeds on wet sand at ambient laboratory temperature) 2006C seeds each were incubated for 3, 4 or 5 h in the following RH/temperature combinations: 95 % RH/40 8C; 95 % RH/ 35 8C; 95 % RH/30 8C; 88 % RH/40 8C; 88 % RH/35 8C; 88 % RH/30 8C; 79 % RH/40 8C; 79 % RH/35 8C; 79 % RH/30 8C; 68 % RH/40 8C; 68 % RH/35 8C; and 68 % RH/30 8C. RH conditions were maintained in closed Petri dishes using different saturated salt solutions (Jayasuriya et al., 2008a Ten samples of three replicates of 25 sensitive (made sensitive by storing on wet sand for 2 months at ambient laboratory temperature) 2006C seeds each were inserted into either empty or water-containing (flooded) vessels and exposed to 90 8C in a drying oven for 5, 10, 15, 20 or 30 min. Seeds were then transferred into Petri dishes containing moist sand and incubated at the 25/15 8C light/dark regime described above. The number of swollen seeds was counted after 5 d.
Effect of RH and blocking of hilum on dormancy break and water vapour absorption Nine samples of three replicates of 15 of the 2005C seeds each, with either none of the hilum painted (three samples), the upper hilum painted (three samples) or the lower hilum painted (three samples), were weighed separately with a digital balance to the nearest 0 . 0001 g and then incubated at 35 8C for 3 h at 100, 50 and 0 % RH separately in parafilmsealed Petri dishes. After 3 h incubation, samples were reweighed and seeds placed on moist sand in Petri dishes, keeping seeds from each of the RH treatments separate. These were then incubated in the 25/15 8C light/dark regime described above. Germinated seeds were counted every 2 d for 14 d. Radicle emergence was the criterion for germination. RH in the containers was maintained using distilled water (100 %), silica gel (0 %) and prevailing RH in the incubator (50 %).
Twelve seed samples of three replicates of 15 of the 2006C seeds (made sensitive by storing on wet sand at ambient laboratory temperature), with none of the hilum painted (three samples), upper hilum painted (three samples), lower hilum painted (three samples) and all of the hilum painted (three samples), were weighed as described above and incubated at 35 8C for 3 h at 100, 90 and 83 % RH in parafilm-sealed Petri dishes. After incubation, seed samples were reweighed and transferred to Petri dishes containing moist sand. These were then incubated in the 25/15 8C light/dark regime described above. Germinated seeds were counted every 2 d for 14 d. Radicle emergence was the criterion for germination. RH in the containers was maintained using saturated salt solutions (KNO 3 , 90 %; KCl, 83 %) and distilled water (100 %), and RH and temperature in containers were monitored with sensors (Hygrochron iButtons, Embedded Data Systems, Lawrenceburg, KY, USA). Hygrochron iButton readings were used in graphs and in data analysis.
Effect of liquids with different thermal expansion coefficients on dormancy break
The purpose of this experiment was to determine the effect of liquids with different expansion coefficients on dormancy break, i.e. opening of the slits. (Yakovlev, 1968) ] separately and incubated at 35 8C. Seeds were retrieved from the liquids every 1 h for 3 h and observed under a dissecting microscope for formation of slits around the bulges. The number of seeds with slits around one or both bulges was counted. Seeds were returned to the respective liquid after each count. The same experiments were repeated for 3 d (instead of 3 h) for corn oil, benzene and water after seeds were air dried for 3 h. RH conditions were maintained in parafilm-sealed Petri dishes using distilled water (100 % RH), saturated salt (KCl, 85 % RH; NaCl, 75 % RH) solutions and prevailing RH (50 %) in the incubator. After storage, seeds were transferred to moist sand in Petri dishes and incubated for 3 h at 35 8C, and then they were incubated at the 25/15 8C light/dark regime. Germinated seeds were counted for 14 d at 2 d intervals. Radicle emergence was the criterion for germination.
Water and water vapour absorption by sensitive and insensitive seeds
In water. Four samples of 15 sensitive (made sensitive by storing on wet sand at ambient laboratory temperature for 2 months) and insensitive 2006C seeds each were weighed individually with a digital balance to the nearest 0 . 0001 g and immersed in water individually in vials (one seed per vial). These were then incubated at 35 or 25 8C for 24 h. Seeds were retrieved from the water at the time intervals shown in Fig. 8B , surface blotted, reweighed and returned to the vial.
In water vapour. Four samples with five replicates of 15 sensitive (made sensitive by storing wet at ambient laboratory temperature for 2 months) and insensitive 2005C seeds each were weighed as described above, placed in parafilm-sealed Petri dishes at 100 % RH and incubated at 35 or 25 8C for 30 d. RH in the Petri dishes was maintained by keeping a vial containing water inside the Petri dish. Seeds were retrieved from the Petri dishes at the time intervals shown in Fig. 9B , surface-blotted, reweighed and return to the dish. The same experiment was repeated for sensitive (made sensitive by storing on wet sand at ambient laboratory temperature for 2 months) and insensitive 2006C seeds.
Comparative histochemistry of sensitive and insensitive seeds
Sections (25 mm) of sensitive and insensitive 2006C and 2005C seeds were made using a Vibratome (Vibratome 1500, St Louis, MO, USA). They were stained with Sudan III (for lipids), ferric chloride ( polyphenols) and toluidine blue (lignin, suberin and cutin) using procedures described by Gahan (1984) and Krishnamurthy (1999) . Sections were observed under an Olympus (Model BX50) light microscope. Photomicrographs were taken of the micropylar -hilum area.
Comparative morphology of sensitive and insensitive seeds Sensitive (made sensitive by storing seeds on wet sand at ambient laboratory temperature for 2 months) and insensitive 2006C seeds were coated with gold -palladium in a Technics Hummer VI sputter coater and scanned with a Hitachi S-800 FE scanning electron microscope. Micrographs were compared to identify the water gap and changes on the seed surface after treatment.
Water absorption by hilum of sensitive and insensitive seeds Ten sensitive (made sensitive by storing seeds on wet sand at ambient laboratory temperature for 2 months) and insensitive seeds each were used for the experiments. Seeds were individually placed under a dissecting microscope, and a drop of water was placed on the hilum (covering both the hilar pad and hilar fissure) of the seed. Disappearance of the drop of water and morphological changes in the hilar pad were observed and photographed sequentially using a Canon EOS 30 D camera. The time from breaking of the water meniscus to appearance of cracks in the hilar pad was determined.
Dye tracking of water movement in the hilar pad A drop of saturated aniline blue solution was placed on the hilum of ten sensitive (made sensitive by storing seeds on wet sand at ambient laboratory temperature for 2 months) and ten insensitive seeds each. After the drop was absorbed by the hilum, another drop was placed on it, until 50 drops had been placed on each of ten sensitive and ten insensitive seeds. Transverse cuts through the hilum area were made, observed under a dissecting microscope and photographed with a Canon EOS 30 D camera.
Data analysis
Experiments were conducted in a completely randomized design. Analysis of variance (ANOVA) and general linear model (GLM) procedures were done using SAS software. Duncan's and Dunnet's mean separations were used to determine differences between treatments. Correlations between temperature, treatment time, RH and germination and between seed moisture content and formation of slits around the bulge(s) were determined using the REG procedure in the SAS software. Germination and other count data were arcsine transformed before analysis. XLSTAT 2008 software was used to fit the logistic curve to water absorption and germination data.
RESULTS
Effect of temperature, RH and osmotic potential on dormancy break
Germination percentage increased with increase in RH, temperature (Fig. 1A ) and treatment time (data not shown). There were highly significant correlations between germination percentage and temperature (P , 0 . 001), germination percentage and RH (P , 0 . 001) and germination percentage and treatment time (P ¼ 0 . 0202), whereas germination percentage and interaction of all these factors were only marginally correlated (P ¼ 0 . 0632). Germination percentage increased with osmotic potential, temperature (Fig. 1B) and treatment time (data not shown). There were highly significant correlations between germination percentage and temperature (P , 0 . 001), germination percentage and osmotic potential (P , 0 . 001) and germination percentage and treatment time (P , 0 . 001). Interaction of all these factors was only marginally significant (P ¼ 0 . 0676).
Effect of dry and wet heat at 90 8C on dormancy break
After 5 min wet heat at 90 8C, 51 % of the seeds were swollen, and after treatment for 10, 15, 20 and 30 min the swelling percentage increased to 100 (data not shown). Only 22 % of the seeds germinated after 5 min wet heat treatment. None of the swollen seeds germinated in the 10, 15, 20 or 30 min treatments (data not shown). However, regardless of length of dry heat treatments, the swelling percentage was ,30. All swollen seeds germinated in the dry heat treatments (data not shown).
Effect of RH and blocking of hilum on dormancy break and water vapour absorption Both 2005C (data not shown) and 2006C (Fig. 2) seeds germinated . 95 % at the highest RH tested (100 and 95 % RH, respectively). However, when the upper hilar area was blocked with water sealer, the germination percentage decreased significantly in both collections. When both upper and lower hilum areas were blocked, the germination percen In the highest RH treatment tested, non-painted seeds had the highest increase in mass, whereas upper hilum painted seeds of 2005C (data not shown) and 2006C (Fig. 3) and all of hilum painted seeds of 2006C had the lowest increase in mass. Lower hilum painted seeds of 2006C had the second highest increase in mass. At the lowest RH treatment tested, decrease in mass of 2005C (data not shown) seeds was lowest for lower hilum painted seeds, whereas the highest mass increase was in lower hilum painted and lower and upper hilum painted seeds of 2006C. The greatest decrease in mass was for 2005C seeds not painted, and the least increase in mass was for 2006C seeds not painted (data not shown). In both collections, the mass decrease or increase of upper hilum painted seeds was not significantly different from that of seeds not painted.
Germination percentage of seeds of both collections had a significant fit for a logistic curve, with increase in mass for 2006C seeds and increase (Fig. 3) 
Effect of liquids with different thermal expansion coefficients on dormancy break
Slits around the bulges developed in all seeds that were immersed in oil or water during incubation at 35 8C for 3 h, whereas slits were formed in only 44 and 57 % of seeds when they were immersed in saturated NaCl solution and benzene, respectively (Fig. 5A) . None of the seeds immersed in acetone developed slits around the bulges, even when the seeds were incubated at 35 8C in water after the acetone treatment (data not shown). However, when seeds were air dried for 3 h before the treatment, slits were not formed in any seed incubated in oil at 35 8C, even for 24 h, whereas ,50 and . 90 % of air-dried seeds incubated in benzene and water, respectively, at 35 8C formed slits around the bulges after 3 h incubation (Fig. 5B ). There was no correlation between thermal expansion coefficients and formation of slits (data not shown).
Effect of osmotic potential and temperature on sensitivity of seeds
Germination of seeds at 25/15 8C (12/12 h) after incubation at 35 8C for 3 h followed by 1 month pre-treatment at different osmotic potential and temperature combinations was not significantly different. However, after 2 months, seeds acquired .30 % germinability (Fig. 6A -D) . The highest germination percentage was obtained with seeds pre-treated at 25 8C in distilled water (Fig. 6A ). Germination decreased with decreasing (0 to 25 MPa) osmotic potential of the pre-treatment solution. Germinability of seeds was optimal at the 25 8C pre-treatment and less in seeds pre-treated at 20 or 30 8C under all osmotic potentials (Fig. 6 -D) .
Effect of RH and temperature on sensitivity of seeds Optimum germinability of seeds was observed after the pretreatment at 25 8C in 100 % RH (Fig. 7A) . Germinability of seeds decreased with decrease in RH except at 30 8C, where there was no significant difference between the four RH pretreatments. Germinability was highest at 25 8C under high RH (100 and 85 %; Fig. 7A, B) . The highest germinability at 30 8C was observed under low RHs (Fig. 7C,D) .
Water and water vapour absorption by sensitive and insensitive seeds
In water. Significant mass increase was observed in sensitive 2006C seeds incubated at 35 8C in water after 3 h (Fig. 8A ). However, the increase in mass of these seeds during the first 2 h was not significantly different from that of sensitive seeds incubated at 25 8C. Mass increase of sensitive seeds at 35 8C after 3 h is dramatic, whereas that in insensitive seeds at 25 8C stopped after 2 h (Fig. 8B) . The increase in mass of insensitive seeds at 25 or 35 8C was not significant.
In water vapour. In 2005C and 2006C sensitive seeds incubated at 35 8C, mass increase was 0 . 25 % (data not shown) and .1 . 5 % (Fig. 9A) , respectively, after 3 h, and it was .45 % in both collections after 96 h (Fig. 9B ). Mass increase in insensitive seeds incubated at 35 and 25 8C was not significantly different from that of sensitive seeds incubated at 25 8C. After 24 h, the mass of insensitive seeds incubated at 35 8C started to increase. However, this was due to eight (at 35 8C) and four (at 25 8C) sensitive seeds that were among the insensitive seeds and later to the increase in the sensitivity of insensitive seeds during incubation at 35 8C and high RH.
Comparative histochemistry in sensitive and insensitive seeds
No obvious differences in staining patterns were observed between seed coats of sensitive and insensitive seeds (images not shown). However, the bulges were detached easily from sections of the coats of sensitive seeds, whereas in insensitive seeds the bulges were more strongly attached to other parts of the seed coat. Red staining was seen in the palisade layer and epidermis of the seed coat of both sensitive and insensitive seeds after staining with Sudan III. However, the counter palisade layer did not stain. The intensity of the red stain was higher in the innermost one-third of the palisade cells than in the rest of the seed coat. Palisade, sclereid, counter palisade and some of the endodermal cells of seed coats stained a rusty colour after ferric chloride treatment. Toluidine blue stained the palisade and sclereid layers a blue-green colour. In both sensitive and insensitive seeds, the stain was more greenish at the bulgehilum transition than it was in rest of the seed coat.
Comparative morphology of sensitive and insensitive seeds
No morphological differences were observed between the hilum area of sensitive and insensitive seeds. The hilar fissure was open, and the micropyle was closed in both types of seeds.
Water absorption by the hilum of sensitive and insensitive seeds
The hilar pad of both sensitive and insensitive seeds took up water (Fig. 10) .The rate of water absorption by the two seed types did not differ significantly (P ¼ 0 . 116), but sensitive seeds absorbed water a little more slowly than insensitive seeds (mean 21 . 1 and 18 . 5 s, respectively), i.e. a drop of water placed on the hilar pad of insensitive seeds disappeared more quickly than a drop placed on sensitive seeds. 
Dye tracking of water movement in the hilar pad
Staining was observed in cracks in the hilar pad of both sensitive and insensitive seeds (Fig. 11) . However, the stain did not penetrate the palisade layer of the hilar pad. No stain was observed in tissue below the hilar fissure in insensitive seeds, whereas in sensitive seeds stain was observed in tissues below the hilar fissure to the inside of the palisade layer.
DISCUSSION
Dormancy break in sensitive seeds of Ipomoea lacunosa depends on temperature and soil water potential (RH and osmotic potential). When osmotic potential, RH and temperature are high in the environment, sensitive seeds of I. lacunosa become non-dormant. Therefore, after a rain in spring to autumn I. lacunosa seedlings appear in the field ( pers. obs.). Dry and wet heat treatments at 90 8C showed that moisture is necessary for dormancy break, i.e. formation of slits around the bulges. Since ,30 % of the seeds formed slits around the bulges following a 30 min dry treatment at 90 8C, it is clear that the function of high RH is not related to the efficient transfer of thermal energy to the seeds. If the role of water was the transfer of heat energy to the seeds, then seeds should have formed slits around the bulges during a high temperature treatment for a longer period of time. The function of moisture in dormancy break is more than that of efficient heat transfer.
Even at high RH, seeds with either the upper hilum area, or both the upper and lower hilum areas, blocked cannot form slits around the bulges. On the other hand, seed mass increased slightly during the treatment. This suggests that seeds may take up some water vapour before formation of slits around the bulges. Increase in seed mass during the treatment was observed only in sensitive seeds, and insensitive seeds did not increase in mass or become non-dormant after the treatment. The increase in seed mass was reduced when the upper hilum area was painted. This suggests that sensitive seeds take up water vapour during the dormancy-breaking treatment. By painting either the lower, upper or whole hilum, water vapour loss or water vapour absorption can be manipulated. Figure 4A reveals that absorption of water vapour by the seed influences the formation of slits. Seeds that absorb a large amount of moisture have the ability to form slits, whereas those that lose moisture have a high probability of remaining dormant, i.e. not forming slits (see Fig. 12 ).
Further, the hilar pad of both sensitive and insensitive seeds absorbed water. Dye tracking showed that water absorbed by the hilar pad does not penetrate the palisade layer (with light line) in insensitive seeds. Although dye did not penetrate through the hilar pad of sensitive seeds, it entered the seed through the hilar fissure. This suggests that the hilar pad has the capability of controlling water movements to sensitive seeds. Using results obtained from experiments discussed above, a conceptual model is proposed to explain the dormancy-breaking mechanism of I. lacunosa sensitive seeds (Fig. 13) .
According to the model, sensitive seeds can absorb water/ water vapour efficiently through the upper hilar fissure area, whereas water vapour is lost from the seed through the lower hilar fissure, which also can absorb water/water vapour to a certain extent. Water plays a role in two important functions. First, it enters intercellular microspaces in the endodermal layer below the bulge, which pressurizes the seed coat at high temperatures, thus causing formation of slits. Secondly, it seals the openings that allow water vapour loss from the seed. Water vapour absorbed by the hilar pad causes the hilar pad to expand, thus closing the hilar fissure more tightly, and it closes all of the micro-openings, which otherwise allow movement of gases into and out of the seed. This sealing is very important in trapping water vapour below the bulges and in the build-up of pressure against the seed coat in the bulges. This hypothesis is supported further by the experiments to show the effect of different liquids on dormancy break. Although there was no direct relationship between formation of slits and thermal expansion coefficients, water, benzene and NaCl solution (to a certain extent) caused the formation of slits around the bulges by pressurizing the seed coat in the bulges, when the seed was exposed to high temperature. The effect of thermal expansion coefficients therefore seems to be overshadowed by other properties of these solutions. For example, oil does not have the ability to form vapour (under natural environmental temperature conditions) or to enter the seed, but oil treatment worked as efficiently as water treatment in formation of slits. Although oil cannot enter into the seed, it can seal off water/water vapour already present in the seed. Thus, water/water vapour already present in the seed functions in forming slits around the bulge in the oil treatment. Therefore, when seeds were air dried, thus removing water vapour in the seed, oil did not have the ability to form slits around the bulges. However, when air-dried seeds are treated with water, water vapour can enter them and also seal micro-openings in the hilar fissure, which allows pressure to develop below the bulge. Acetone dries the hilar pad, thus causing it to shrink. Therefore, micro-openings will not close, and as a result seeds will not form slits around the bulges. Even seeds treated for 78 h with water did not form slits around the bulges (data not shown).
In dry seeds, cracks were observed in the hilar pad, and the hilar fissure was open. This cracking is not deep enough to penetrate through the entire water-impermeable palisade layer. Thus, the hilar pad has the ability to act as a valve. When RH of the environment or soil moisture increases, water/water vapour moves into sensitive seeds through the hilar fissure. However, due to the absorption of water/water vapour, the hilar pad swells, causing the hilar fissure to close. This prevents further water absorption by the seed. If seeds are at high temperatures (!35 8C), slits will be formed around the bulges, as explained above, and allow seeds to take up enough water to germinate, i.e. dormancy break. However, if seeds are at lower temperatures (,35 8C) slits will not be formed around the bulges. Therefore, seeds remain dormant. Insensitive seeds cannot absorb water through the hilar fissure. Thus, the water vapour pressure inside the seed below the bulges is not high enough to cause formation of slits around the bulges. This inability to absorb water/water vapour is due either to low affinity for water of cells in the endodermal layer below the hilar fissure, to rapid swelling of the hilar pad before water enters the seed through it or to both. It is suggested that during pre-treatment of insensitive seeds the chemical composition of either endodermal cells under the hilar fissure or cells in the hilar pad changes. Of these two possibilities, chemical change in the hilar pad seems to be the most plausible explanation. Insensitive seeds become sensitive when they are stored at high RH (.90 %), and sensitive seeds become insensitive when stored under dry conditions (Jayasuriya et al., 2008a) . The hilar pad is more exposed to the environment than are the endodermal cells below it. Thus, the hilar pad can detect environmental cues, such as RH and temperature, better than endodermal cells below the hilar fissure. Callihan (1933) observed that the hilar pad of ethanoltreated Convolvulus arvensis seeds has the ability to act as a valve. He thought that opening of the hilar fissure was dormancy break, in which case the hilar fissure would be the water gap. However, the present study showed that opening of hilar fissure is not dormancy break. Hyde (1954) showed that the hilar pad acts as a valve controlling the hilar fissure opening. He speculated that counter palisade cells in the hilar pad are important in hilar pad swelling/shrinking movements. Rangaswamy and Nandakumar (1985) also showed that the hilar pad of seeds of Rhynchosia minima (Fabaceae, Faboideae) have the ability to swell and shrink, and thus to control opening and closing of the hilar fissure. Serrato-Valenti et al. (1995) have shown that the hilar pad of L. leucocephala (Fabaceae, Mimosoideae) has the capability of acting as a valve regulating moisture movements in physically dormant seeds. However, they suggest that shrinking and swelling movements in cells below the lens is a response to temperature and moisture, which cause the lens to rupture. They have shown clear differences in the chemical composition of cells in the lens, which have large amounts of callose and lipids. Although all these studies showed that the hilum has the ability to act as a valve, the hilar fissure always closes at high RH and opens at low RH. Therefore, seeds cannot take up water through the hilar fissure. Subjecting seeds of A. kempeana to 100 8C (boiling water) for 30 s opened the water gap (lens) (Hanna, 1984) . Hanna suggested that at this temperature the pressure created in the vascular bundle below the lens might be sufficient to cause lifting and cracking (opening) of the water gap. However, he did not present data or results of observations on which he came to this conclusion. In the present study, it has been clearly shown that the hilar pad of seeds of I. lacunosa can act as a valve controlling water movements through the hilar fissure. Blocking experiments revealed that water vapour pressure is the most probable cause of formation of slits around the bulges. As discussed above, water vapour absorption plays a major role in dormancy break in sensitive seeds of I. lacunosa according to the present model. Water vapour desorption through the hilar fissure caused dormancy break in seeds of I. hederacea (Jayasuriya et al., 2009) and in those of C. australis (Jayasuriya et al., 2008b) , in which the hilar fissure opens and allows water to enter the seed. Indirect involvement of the hilar fissure in water uptake in I. lacunosa (this study) and I. hederacea (Jayasuriya et al., 2009 ) may be a relict characteristic from the common ancestor of Ipomoea and Cuscuta. However, Cuscuta and Ipomoea are distantly related genera separated phylogenetically by many other genera (Stefanovic et al., 2003) . Study of the involvement of the hilar fissure in dormancy break of genera phylogenetically positioned between Cuscuta and Ipomoea may contribute to our knowledge of the evolution of the water gap in Convolvulaceae.
Sensitivity of I. lacunosa seeds can be induced by storing them wet at laboratory temperatures (22 -24 8C) (Jayasuriya et al., 2008a) . However, the present study has shown that substrate osmotic potential, RH and temperature can affect the sensitivity of seeds to the dormancy-breaking treatment. Spring temperatures and early autumn temperatures (25 8C) induced sensitivity at a higher rate than summer temperatures (30 and 35 8C). At these summer temperatures, dry stored insensitive seeds seem to become sensitive at a higher rate than wet stored seeds.
Sensitive and insensitive seeds did not seem to differ in staining pattern or intensity. However, chemical differences may still exist between these two stages. Thus the staining techniques used in the present study were not sensitive enough to detect any minor chemical compositional changes that may have occurred as seeds went from the insensitive to the sensitive stage of dormancy break. Sudan III staining showed a high content of lipids in palisade and epidermal layers, especially in the outer one-third of the palisade layer. Ferric chloride staining revealed a large amount of phenolic compounds in sclereid, palisade and some endodermal cells. Colour variation from blue to green after toluidine blue staining suggests that lignin and suberin composition is varied in different layers of the seed coat. Greenish stain at the bulge -hilum transition showed that there is a chemical compositional change in addition to anatomical differences (Jayasuriya et al., 2007a) .
Sensitive seeds have the ability to absorb significant amounts of water at 25 and 35 8C during a 3 h treatment time, whereas insensitive seeds do not. Dye tracking experiments further proved that water cannot get into insensitive seeds, although the hilar pad can absorb a small amount of water. However, when insensitive seeds are kept in high RH and high temperature (35 8C) some of them become sensitive. Therefore, after 1 d, the increase in mass of insensitive seeds at 35 8C was higher than that of sensitive seeds at 25 8C. Although sensitive seeds absorbed water vapour at 25 8C, slits were not formed around the bulge at 25 8C. High temperature is important in formation of slits around the bulges (i.e. dormancy break) by increasing the pressure of water vapour in the spaces below the bulges.
The dormancy breaking model for I. lacunosa (this study) and for I. hederacea (Jayasuriya et al., 2009 ) emphasize the importance of water or water vapour in dormancy break in physically dormant seeds. In an ecological sense, this is expected, since water is an important factor in determining the fate of the germinating seed. The water gap or (an)other specialized structure(s) of the seed (i.e. hilum, microphyle) seem(s) to be acting as the environmental signal detector (detecting availability of water in I. lacunosa) for dormancy break.
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